When the walls of an open-ended horizontal steel pipe are heated before the pipe is rotated along its axis, the exchange of the expelled heated air with the incoming cooler air, sucked in along the axis, results in a medium capable of focusing a laser beam propagating along the pipe's axis -a spinning pipe gas lens. However, the interaction of the heated and cooler air generates local density fluctuations which generate aberrations on the laser beam wavefront. We present results for the characterisation of these aberrations using a Shack-Hartmann wavefront sensor. The measurements show that along the axis, rotating the pipe decreases y-tilt as a result of the removal of distortions caused by gravity, although there is an increase in higher-order aberrations. However, in the boundary layer, the dominant aberration is x-astigmatism which increases with rotation speed. The results are confirmed by the measurement of the beam quality factor which increases as a result of the increase in the size of the higher-order aberrations. The spinning pipe gas lens is a device which can be used to focus laser beams using air only, but, in the process, the air introduces distortions which reduce the quality of the beam.
Introduction
We explored the aberrations generated by a heated spinning pipe -an open-ended steel pipe heated and rotated along its axis. It is well known that the resulting density distribution inside the pipe is conducive to focusing laser beams through the gradient index (GRIN) lens principle. [1] [2] [3] [4] [5] [6] [7] [8] The spinning pipe gas lens was invented by Martynenko 1 , and was subsequently developed for use as a 'damage-free' lens for focusing of high-power laser fields, [2] [3] [4] and as a gas telescope for astronomical imaging 6 . The principle of operation is simple: the shear viscosity of air increases when heated, 9 such that when the outside wall of the pipe is heated, the layer of air next to the pipe's inner wall is heated as well. During rotation, this inner layer is centrifugally expelled and replaced by cold air from the surroundings, inhaled along the axis from both ends, resulting in an axial (air) region that is cooler than the air at the wall. This temperature gradient results in a refractive index gradient that is conducive to focusing; thus the name, the spinning pipe gas lens (SPGL). The focal strength of the lens is a function of the physical dimensions of the pipe, and can be controlled through the rotation speed and wall temperature of the pipe. 7, 8, 10 To fully understand how it operates, a computational fluid dynamics (CFD) model was prepared, based on the so-called k-ε model, to help illustrate the flow dynamics to establish the relationship among the rotation speed, temperature and the optical changes in the beam. The model was set at a wall temperature of 100 °C and a rotational speed of 20 Hz. It is apparent that, in terms of the rotation speed, the SPGL has two flow regimes: free convection in the stationary state, usually referred to as convective turbulence, and axisymmmetric forced convection during rotation; a CFD model of the two states is shown in Figure 1 . In between the two flows, when the speed of rotation is neither too slow nor too fast, a combination of the two states exists, transitional between the two, which we refer to as mixed convection. It is also apparent that, during steady-state rotation, the SPGL has three main sections: the two ends where the hot and cold air exchange takes place and the centre where the gas flow is mainly circulatory. The gas from the environment is sucked from the surroundings from both ends along the axis and is heated up as it approaches the centre, replacing the warm air which is centrifuged out in a helical flow along the walls. The longitudinal speed of this incoming gas steadily decreases as its rotational speed increases. The centre of the pipe is dominated by rotational flow with little exchange with the environment, which results in the density distribution of the gas lens shown in Figure 2a , as calculated from the CFD model. In between the centre and the two ends, there exists transitional regions which are conducive to focusing, in which the cross-sectional density distribution is parabolic or even quartic, as shown by the cross-sections in Figure 2a . This is because the gradual transition from the cooler denser axis to the hot, less dense boundary layer creates a graded refractive index (GRIN) distribution in the transitional regions. The model also confirms that the two focusing regions are very short compared to the entire length of the SPGL. The centre steadily accumulates heat, making this part of the SPGL slightly hotter than the adjacent walls. This result can be explained by the CFD model which shows that the density at this centre is lower than that at the walls by an amount of 4 × 10 -5 kg/m 3 (as illustrated in Figure  2b ), translating to the centre being hotter by about 0.16 K. The temperature (T) distribution was extracted from the density (ρ) data using the relation ρ = ρ 0 (1α (T -T 0 ), where α = 2.263123 × 10 -4 K -1 is the coefficient volume expansion of air and ρ 0 is the known density at a known temperature, T 0 . More detailed analysis of the SPGL CFD model is available in Mafusire and Forbes 10 .
Propagation of an optical field through this medium results in cumulative phase variations, which distort the wavefront of the light by imparting aberrations onto the field. This phase can be characterised by a direct measurement of the wavefront of the light, the magnitude of the aberrations imparted, and the consequent deleterious effect on the laser beam quality factor. [11] [12] [13] We elected to decompose our wavefront using the Zernike polynomial set 14,15 whose first 11 polynomials are listed in Table 1 . The optical aberrations, which are the weights of each polynomial in the decomposition, can individually or collectively be related to the beam quality factor (M 2 ) 11-13 and the wavefront error 16 . Potentially, the aberration composition can be used to estimate the focal length of the lens, 17 although we have not taken this approach in this paper. In this paper, we present results from aberration measurements generated by an SPGL on a HeNe laser beam transmitted through the SPGL's axis and boundary layer. 
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Experimental set-up
Two basic experiments were carried out. In the first experiment, the laser beam was propagated along the axis of the pipe, while in the second, the beam was propagated in the boundary layer (9.1 mm above the axis in this case) close to the pipe wall but taking care not to introduce unwanted distortions caused by hard edge diffraction of the beam. The situations are illustrated with a cross-section of the SPGL in Figure 3a .
Our SPGL comprised a 1.43-m long stainless steel pipe with an internal diameter of 36.6 mm. The rotation was facilitated by two electric motors, one on each end of the pipe, with the rotating spindles on the motors attached to the pipe itself by rubber bands. The motors and pipe were independently attached to a metal stand to convert everything into a single device. The pipe was rotated along its axis with the aid of ball bearings located about 250 mm from each end. Rotation occurred as a result of a controlled voltage supply to the motors, which enabled a maximum rotation speed of just over 18 Hz. This device, the SPGL, was then fixed on an optical table on top of a rubber mat to absorb vibrations caused by the rotation. A picture of the SPGL is available as Figure 1 in Mafusire and Forbes 10 . Note that the pipe is of the same dimensions as the one used in the CFD model ( Figure 2 ). The pipe was electrically heated using a resistive heater which was wound in the pipe's central 0.93-m section; the end sections of about 250 mm each, as determined by the location of the ball bearing mechanism, were not sealed with heating tape. Measurements of the temperatures along the pipe wall were taken by a series of thermocouples placed along the pipe length, from which a single value was acquired by calculating their average. The walls of the stationary pipe were heated to the required temperature and then the thermocouples were removed before rotation could commence. Copper brushes were used for electrical contact to ensure that the temperature of the pipe wall was maintained even during rotation of the pipe. The rotation speed was measured using an opto-switch circuit together with a cathode ray oscilloscope. For details of the opto-switch circuit design, please see Mafusire 18 .
To measure the phase generated by the SPGL, a Shack-Hartmann wavefront sensor (model CLAS 2D with a 69x69 microlens grid of size 7.4 mm × 7.4 mm, WaveFront Sciences Inc., Albuquerque, NM, USA) was used to capture the wavefront of a HeNe laser beam after the beam had passed through the gas lens. The sensor was placed on a separate optical table to minimise the impact of the vibrations on the sensor. The laser beam was first expanded by a ×10 telescope to ensure a collimated laser beam passed through the axis of the pipe. A ×0.5 telescope custom made for this particular wavefront sensor was used to reduce the beam on exit from the pipe so that it could fit onto the wavefront sensor microlens grid. In the case of the boundary layer, the required beam size was acquired using a ×3.2 telescope and then measured on exit from the pipe without further adjustment. The resulting beam sizes (1/e 2 radius) in the two experiments were 10.6 mm and 3.4 mm inside the pipe along the axis and in the boundary layer, respectively, such that the Rayleigh length in both cases (~15 m and 8 m, respectively) was about an order of magnitude longer than the pipe length. Thus the beams could be considered collimated and free space propagation effects (such as wavefront curvature change) could be neglected. The complete experimental set-up is shown in Figure 3b .
The pipe wall temperature was varied between 21 °C and 155 °C at ~25-°C intervals. At each temperature, the rotation speed was varied from 0 Hz to ~20 Hz. A total of 36 parameter combinations were used to sample the space, with between 120 and 190 measurements taken at each to ensure adequate sampling for average and error analysis. The data were acquired at a rate of about 1 data point per second. The primary aberrations and the beam quality factor (M 2 ) were acquired simultaneously for each parameter combination. For each slope map, the average was calculated at each combination and subtracted from each map to give each one's deviation from the mean using a function built into the wavefront sensor software. The wall temperatures used were 21 °C, 53 °C, 77 °C, 103 °C, 126 °C and 155 °C, such that the wall differences, ∆T, were 0 K, 32 K, 56 K, 82 K, 105 K and 134 K with the ambient, which was set and maintained at 21 °C using the airconditioning control fixture in the laboratory during measurement. The temperature was verified independently by direct measurement.
Experimental results
In order to fully understand flow in the gas lens, we present rms Zernike measurements of static aberrations of laser beams generated along the axis and in the boundary layer with the Zernike circle radius set at 7.28 mm (Figure 4 ). Here we have the wavefront errors of the primary aberrations for each of the rotation speeds for wall temperatures 77 °C, 103 °C, 126 °C and 155 °C, along the axis. As expected, the dominant aberration for a stationary heated pipe is the y-tilt (about 4 λ) because of the convective turbulence. As the rotation begins, it drops to almost zero, a result of the homogenisation which removes the impact of distortions caused by gravity. At the same time, the defocus aberration begins to increase with the increasing rotation speed, from a wavefront error of 0.2 λ 2 to 3 λ 2 at a wall temperature of 77 °C or 10 λ 2 at 155 °C. In general, higher defocus values are acquired for larger wall temperatures at a given rotation speed.
The results of the rms Zernike aberration measurements in the boundary layer are different from those in the axis, indicating the difference in the flow ( Figure 5 ). With all temperatures, the aberrations reach a minimum at 2.95 Hz when the natural and forced convection are present in the pipe, then begin to rise again. We note also that the rotationally non-symmetric aberrations are dominating in this case. The dominant aberration is x-astigmatism (A 22 ) and is especially dominant at lower temperatures for the same rotation speed, stretching out the phase map. We also notice that for high rotation speed, at 126 °C and 155 °C, y-astigmatism (B 22 ) also begins to increase until it almost matches x-astigmatism as x-tilt increases sharply at 14.3 Hz and 18.1 Hz. It is these three aberrations which are primarily responsible for distortion in the phase.
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Spinning pipe gas lens aberrations Page 3 of 6 The average phase maps for the 120-190 frames for each data point determined by each of the selected input parameters are shown in Figure  6 , with values on the left for axial propagation and those on the right for the boundary layer. Along the axis, there is a clear distinction among the three flow regimes -the natural, the mixed, and then the forced convections. The blue part of the phase indicates less of a phase delay than the red part. The natural convection is shown in the small top lefthand corner of the grid, the forced convection in the larger bottom righthand corner and the mixed convection stretches diagonally in-between (Figure 6a ). Under natural convection, the beam is slightly diverging with a fair amount of tilt as the centre of the phase patterns is located slightly lower than the centre of the aperture. At the onset of forced convection, the phase is dominated by negative defocus as the laser beam is focused with the tilt totally removed, especially at the highest rotation speed and wall temperature. The transition between the two convection states also occurs at lower rotation speeds and lower temperatures as the wall temperature increases. In the boundary layer there is a density gradient because of the GRIN effect, which tilts the beam as either rotation speed or temperature increase (Figure 6b ). At 53 °C, rotating the pipe results in a significant temperature difference, which causes gas exchange with the environment and creates density variations, and so phase changes to the beam wavefront. The phase map, in fact, begins to stretch out, losing rotational symmetry. This asymmetry becomes observable at 10.5 Hz. At higher wall temperatures, the effect becomes observable at lower rotation speeds. At the highest rotation speeds, at all temperatures, we begin to notice that the phase pattern is being both stretched and tilted, losing symmetry along both x-and y-axes.
Taking a closer look at x-and y-astigmatism coefficients in the boundary layer, we see that A 22 and B 22 are always positive and negative, respectively, and almost symmetric about the horizontal axis (Figure 7) for the same temperature. Their magnitudes increase with increasing temperature. The magnitudes for the aberrations drop slightly as the rotation begins (2.95 Hz) and then begin to rise after that. The beam quality factor (M 2 ) seems to confirm this drop. We observe that the beam quality factor drops slightly at 2.95 Hz and rises at higher rotation speeds and increases with increasing rotation speed (Figure 8 ). This relation is true for M 2 x and M 2 y at all temperatures. We also see that the y-value is greater than the corresponding x-value at the same temperature. This difference is because the beam is diverging more slowly in the horizontal plane because of the phase gradient which increases with the increase in the power of the lens.
Conclusions
This study continues earlier work in which the SPGL was revisited, 7, 8 incorporating the full laser beam propagation through the system and the resulting wavefront changes. As stated previously, Martynenko 1 demonstrated the theoretical basis of the device which was later demonstrated as a possible practical tool for focusing high-power laser beams. [2] [3] [4] Using the device as a telescope objective 6 showed that the SPGL is an imperfect lens because the images produced were of low resolution, which we assume was a result of the large number of aberrations generated by the SPGL. This finding inspired us to characterise these aberrations using a CFD model 7, 8, 10 and direct measurement 7, 8 . The CFD numerical model showed that the ends of the pipe contribute significantly to the overall focusing. 10 Direct measurement of the phase with a Shack-Hartmann sensor, as well as the focal length, were in agreement with the calculation from the model. 8 We investigated the aberrations in the boundary layer in addition to the axial measurements for comparison. We have shown that rotating the SPGL along its axis removes distortions caused by natural convection as a result of gravity, because, at the onset of rotation, y-tilt aberration drops from 4 λ to almost 0. On the other hand, the defocus aberration increases with increasing rotation speed and wall temperature, i.e. as the lens gets stronger. This finding confirms our previous results. 7, 8 In the boundary layer, the dominant aberrations are x-and y-astigmatism, which increase under the same conditions. The impact of y-tilt becomes very high in this part of the pipe during rotation, indicating the density gradient between the heated walls and the cooler axis, a condition which becomes more pronounced as the wall temperature and/or rotation speed increase.
The loss of beam quality as rotation speed and temperature increase is a result of the increase of the mixing of cooler incoming axial air with the warmer air next to the walls, which introduces density fluctuations, which in turn generate phase fluctuations in the laser beam wavefront, reducing the quality of the beam. This property can be used to turn the SPGL into a turbulence generator if the pipe turbulence can be properly characterised, and is the subject of future research efforts. For the moment, it is apparent that the SPGL represents a conundrum in that the operating conditions which make the lens stronger, that is higher wall temperature and greater rotation speed, also result in stronger turbulence being generated. A simultaneous general increase in all aberrations, both along the axis and in the boundary layers except y-tilt along the axis, is also observed, thereby reducing the quality of the beam. Therefore we believe it is best to use the device as a cheap, damage-free lens for focusing high-power laser beams, especially in cases where good beam quality might not be a pertinent issue. The behaviour of the lens in the boundary layer ( Figure 6) shows that there is marginal focusing, achieving a maximum rms wavefront error of about 0.1 λ 2 in an aperture of radius 3.71 mm (or a focal length of 9.9 m) compared to a maximum rms wavefront error of 10 λ 2 in an aperture of radius 7.32 mm (or a focal length of 3.8 m) along the axis. We can therefore infer that the size of the beam should be no bigger than the effective aperture of the lens, which, 
